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h i g h l i g h t s
 Crystallinity percentage remained around 32% during the neutralization process.
 Le Bail Method revealed an oblate spherical shape and global average size around 33 Å.
 SEM images showed very small nanoﬁbers morphology.
 Electrical conductivity was 1.32  10–7 S/cm along the neutralization process.
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a b s t r a c t
Polyaniline Emeraldine-base form (EB-PANI) was chemically obtained through the neutralization of
Polyaniline Emeraldine-salt form (ES-PANI) using NaOH 0.5 M at 3, 24 and 48 h of neutralization.
X-ray Diffraction (XRD), Le Bail Method, Small-angle X-ray Diffraction (SAXD), Small-angle X-ray
Scattering (SAXS) and Scanning Electron Microscopy (SEM) were used to characterize the obtained poly-
mers. EB-PANI crystal data obtained at 3 h of neutralization were a = 5.7230 Å, b = 17.7233 Å,
c = 19.2336 Å, a = 85.2879, b = 84.6952 and c = 87.7014. Crystallinity percentage was obtained using
the XRD patterns and remained around 32% during the neutralization process. Le Bail Method revealed
that the crystallites were very small lamellae with an oblate spherical shape and global average size
around 33 Å. By SAXS it was obtained the particle Radius of Giration (Rg) around 200 Å. The maximum
particle size (Dmax) of 550 Å was obtained from the Pair-distance Distribution Function (p(r)). SEM images
showed very small nanoﬁbers morphology formed by interconnected nonhomogeneous nanospheres.
EB-PANI electrical conductivity was 1.32  107 S/cm along the neutralization process.
 2014 Elsevier B.V. All rights reserved.
Introduction
The ability to combine semiconductors electrical propertieswith
polymers processability is the basic concept behind Intrinsically
Conducting Polymers (ICPs) [1]. Studies on ICPs properties have
been driven by a wide variety of their possible applications [2–4].
Polyaniline (PANI) is a widely studied conducting polymer due to
its good environmental stability, controllable electrical properties,
high conductivities and good environmental stability [5,6].
The half-oxidized Emeraldine-base form (EB-PANI) is a semi-
conductor, which becomes the conducting Emeraldine-salt form
(ES-PANI) after protonation. Aniline hydrochloride oxidative poly-
merization in the presence of ammonium persulfate followed by
deprotonation of the polyaniline hydrochloride with ammonia is
the main used chemical method for neutralization [7,8]. As showed
in Fig. 1, the generalized Polyaniline Emeraldine-base form (EB-
PANI, blue, undoped) possesses equal amount of imine and amine
nitrogen and it can be doped using protonic acids, leading to
Emeraldine-salt form (ES-PANI, green, doped). Thus, EB-PANI and
ES-PANI assume different types of crystalline arrangements
depending on the used synthetic route and neutralization process
[9,10].
Structural aspects in polyanilines continue to be an interesting
research topic [6,11–13]. Nevertheless, the number of papers deal-
ing with the structural properties of Polyaniline Emeraldine-base
http://dx.doi.org/10.1016/j.molstruc.2014.05.046
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form (EB-PANI), which is the starting point for all further treat-
ments, is still rather low [14,15]. Understanding the regular
arrangement of polymer materials is essential for the prediction
of processing methods and new technological applications. The
aim of this paper is to analyze the structure and morphology of
EB-PANI obtained at different time neutralization. X-ray powder
diffraction (XRD) was used for the determination of cell parame-
ters and crystallinity percentage. Small-angle X-ray Diffraction
(SAXD) was applied to record Bragg reﬂections. Le Bail Method
was used to reﬁne cell parameters and to obtain crystallite size
and shape. SAXS was used to determine size and shape of the scat-
tering particles. SEM was performed for the determination of the
solid polymer morphology. Then, these results were correlated
with EB-PANI electrical properties.
Experimental
Obtainment of Polyaniline Emeraldine-base form (EB-PANI)
EB-PANI was obtained through the neutralization of Emeral-
dine-salt form of Polyaniline (ES-PANI), which was synthesized
based on the method described by Bhadra, Singha and Khastgir
[16] with some modiﬁcations [6] related to adding the reagents
drop by drop at room temperature. After that, ES-PANI obtained
at 3 h of synthesis was neutralized in NaOH 0.5 M for 3, 24 and
48 h to obtain their respective Emeraldine-base forms.
XRD analysis and crystallinity percentage
XRD data were obtained at the Laboratory of X-ray
Crystallography of IFSC/USP using a Rigaku Rotaﬂex diffractometer
with Bragg–Brentano geometry, equipped with graphite mono-
chromator and rotating anode tube, operating with Cu Ka, 50 kV,
100 mA, 2h = 5–60, step of 0.02 and 3 s/step. Peak Fitting Module
program [17,18] was used for the peak decomposition of the semi
crystalline pattern. Crystallinity percentage was obtained by the
ratio between the sums of the peak areas to the area of amorphous
broad hallo due to the amorphous phase.
Fourier-transformed Infrared Spectroscopy (FTIR)
FTIR spectra were measured in Nanomed Inovação em
Nanotecnologia, São Carlos/SP, Brazil, with a spectrophotometer
Bomem-MB Series-Hartmann & Braun in the range of 600–
2000 cm1 and 16 scans. Pellets were prepared with KBr in mass
ratio of 1:100.
Le Bail Method
The use of Le Bail Method [19] to obtain polymer structural
information is not very common due to the large overlapped peaks
on diffractograms. Nevertheless, it has been used to characterize
polyaniline and substituted polyanilines [6,13]. This method is
used in order to ﬁt the XRD proﬁle reﬁning cell parameters and
the shape of the extracted peaks. Le Bail Method was performed
using the software package Fullprof [20]. All parameters were
reﬁned using the least-squares method [21]. Pseudo-Voigt function
modiﬁed by Thompson-Cox-Hastings was used as peak proﬁle
function [22]. Instrumental resolution function parameters were
obtained from a lanthanum hexaborate standard, LaB6. Aniline tet-
ramer single crystal parameters obtained by Evain et al. [23] were
used as initial parameters. Particle size and shape were determined
from the anisotropic crystallites size using spherical harmonics
(SHP) [24].
SAXS measurements
SAXS experiments were performed at the Laboratório Nacional
de Luz Síncrotron (LNLS - Campinas, Brazil), using a monochro-
matic X-ray beam (k = 1.488 Å), which focuses the beam horizon-
tally and a bidimensional position-sensitive X-ray detector.
Powder samples were placed in a parallel window cell and the
scattering curves were normalized with respect to the decreasing
intensity of the incoming synchrotron beam and to the sample
absorption [25]. Two values of the distance between sample and
detector were used: 394.2 mm (Small-angle X-ray Diffraction –
SAXD) and 1010.6 mm (Small-angle X-ray Scattering – SAXS), the
ﬁrst to record Bragg reﬂections and the last to record the scattering
due to the scattering particles. The scattered intensity was mea-
sured over the scattering vectors, q = (4p/k)sin h, where 2h is the
scattering angle [26–28]. To perform most of the SAXS calculations
it was used the GNOM program package [29].
TGA analysis
Thermogravimetric analysis was performed using an alumina
crucible with sample mass of 3.093 mg (ES-PANI) and 3.034 mg
(EB-PANI) using the simultaneous thermal analysis modulus, SDT
Q600 (TA Instruments – USA), controlled by Advantage for Q Series
software. The experiment was carried out under N2 atmosphere
(ﬂux of 50 mL/min) with heating rate of 20 C/min in the range
of 30–700 C.
SEM analysis
SEM experiments were performed using a Supra 35, Carl Zeiss,
3.0 kV. Powder samples were deposited on a carbon tape and the
surface morphology was obtained at room temperature.
Conductivity measurements
EB-PANI powder was processed into pellets with 1.27 cm of
diameter and 1.5 mm of thickness which were coated with silver
ink on both sides in which were made electrical connections.
Measurements were performed at room temperature using a
Fig. 1. Generalized Polyaniline Emeraldine-salt (ES-PANI) and Emeraldine-base (EB-PANI) forms.
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Keithley Model 2612A from 500 mV to 2 V. Calculations were per-
formed using the Van der Pauw method [30].
Results and discussion
XRD and SAXD analysis
In order to verify if the EB-PANI crystallinity is dependent of the
neutralization time we obtained samples at 3, 24 and 48 h of neu-
tralization. Fig. 2 shows the obtained diffractograms. XRD patterns
showed that EB-PANI crystallinity was not changed with increasing
the neutralization time. Comparing with the XRD patterns of ES-
PANI described in previous work [6], the XRD patterns of EB-PANI
showed loss of crystallinity. The peaks observed at 2h = 10, 15, 20
and 24 are in agreement with those reported by Chen [31], except
for the one located at 2h = 6.1, which has its intensity decreased
with increasing neutralization time. A recent study [6] suggests
that it is attributed to the presence of chloride ions (Cl) in the
polymer structure. It is known that ES-PANI is poorly solubilized
in aqueous solutions, so some amount of Cl ions are removed
from the structure by neutralization with increasing neutralization
times, but without major reticular modiﬁcations. Thus, we suggest
that neutralization process occurred quickly and effectively at 3 h.
The crystallinity percentage of samples remained between 32%.
SAXD was performed using a distance of 394.2 mm between
sample and detector, showing possible Bragg reﬂections at still
lower angles. The obtained curves for the neutralization times of
3 and 48 h are shown in Fig. 3. It is observed similar curves, with
a peak located at around 2h = 3.8 and other, less deﬁned and cen-
tered at approximately 2h = 6.1. It was possible to verify that the
later is the peak observed in XRD pattern around 2h = 6.1, as
expected. The peak located at 2h = 3.8 is narrower than the peak
located at 2h = 6.1 because the former is formed only by the reﬂec-
tion (001). The peak located at 2h = 6.1 becomes broader because
it is formed by two reﬂections, (011) and (011) [6]. The peaks
located at larger angles (observed in Fig. 2) are formed by many
reﬂections (wider clusters) which result in broader peaks. Thus,
with an appropriate scaling it was possible to obtain the EB-PANI
full diffractogram using the SAXD/XRD data as a function of q, as
shown in Fig. 4.
FTIR analysis
Fig. 5 shows the FTIR spectra of ES-PANI and EB-PANI. Due to
the similarities between the EB-PANI spectra obtained for neutral-
ization times of 3, 24 and 48 h, it was considered only the spectrum
regarding the PANI-EB neutralized for 3 h. The vibrational bands
were explained based on the normal modes of polyaniline: bands
at 1583 and 1493 cm1 are assignable to the ring stretching vibra-
tion of quinoid (Q) and benzenoid (B), respectively [16,32–36]. A
1299 cm1 band was assignable to the CAN stretching of a second-
ary aromatic amine. In the region of 1010–1170 cm1, aromatic
CAH in-plane bending modes are usually observed. [37] A strong
characteristic band appears at 1160 cm1, which has been
explained as an electronic band [38] or a vibrational band of nitro-
gen quinine [37]. The CAH out-of-plane bending mode has been
used to identify the type of substituted benzene [39]. For EB-PANI
this mode was observed as a single band at 825 cm1, which is
found in the range of 800–860 cm1 predicted for a 1,4-substituted
benzene. A band attributable to others types of substituted ben-
zenes was not observed. Thus, the FTIR spectrum is evidence of
the formation of EB-PANI with very low degrees of branching
and/or crosslinking. The 1132 cm1 band in ES-PANI is a vibra-
tional mode of BANH+@Q or BANH+AB, which is formed in doping
reactions [37,39]. This band is very intense and broad. The strong
absorption of BANH+@Q is associated with high electrical conduc-
tivity and high degree of electron delocalization [16,40].
Le Bail Method
For Le Bail Method, adjustments were made using as initial val-
ues the phenyl-end-capped polyaniline tetramer parameters [23].
Given the similarities between XRD patterns and the obtained
reﬁned parameters, Le Bail Method results were showed only for
EB-PANI obtained with 3 h of neutralization. The reﬁnement had
the following order: change the ‘‘b’’ cell parameter value, reﬁne-
ment of spherical harmonics parameters (y00, y20, y21+, y21, y22+,
y22), reﬁnement of a, b, c and a, b, c, a, b, c cell parameters. After
these steps, the reﬁnement was focused in the cell and spherical
harmonics parameters, being reﬁned together and/or separately.
For each step were used 7 cycles. The observed (Iobs) and calculated
(Icalc) diffractograms and the residual line (Iobs  Icalc) as well as
indexes for the main reﬂections are showed in Fig. 6. The vertical
bars are the Bragg reﬂections.
Table 1 shows the reﬁned parameters obtained through Le Bail
method. Comparing with the input parameters, it was observed a
decreasing in ‘‘c’’ cell parameter, reduced to around 19.2 Å, sug-
gesting that the neutralization process contributed to form phe-
nyl-end-capped folded trimmeric chains. A better agreement was
obtained introducing a new ‘‘b’’ unit cell parameter value around
17.7 Å, which might be attributed to the accommodation of chlo-
ride ions (Cl) in ES-PANI unit cell, which were not completely
removed from the structure during the neutralization process [6].
A projection of crystallite shape was displayed using the GFourier
program [41]. The obtained global average crystallite size was
37 Å. It is important to stress that the standard deviation appearing
in the global average size is calculated using the reciprocal lattice
directions so it is a measure of the degree of anisotropy. The crys-
tallite shape can be described as an oblate ellipsoidal form. There is
a smaller apparent size in the [001] direction of 34 Å; an equiva-
lent along [010] direction and other larger apparent size in the
direction [100] of 41 Å. The obtained average crystallite shape pro-
jections for EB-PANI are showed in Fig. 7.
SAXS analysis
Radii of Gyration (Rg), Pair-distance Distribution Function p(r)
calculation and Kratky plot
Due to the polydispersity observed in EB-PANI system, it were
calculated two different values for Rg, one obtained directly from
Guinier’s plot using the program Microcal Origin 7.5 (RgORIGIN)
and other from the p(r) using the program package GNOM (RgGNOM).
To calculate RgORIGIN, only the ﬁve ﬁrst points of the Guinier’sFig. 2. XRD patterns of EB-PANI.
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curves were used to obtain the possible highest value of Rg, which
was around 200 Å.
Fig. 8 shows the Pair-distance Distribution Function p(r) curves
for EB-PANI obtained at 3, 24 and 48 h of neutralization. It is pos-
sible to observe overlapped curves, indicating no major changes in
the particle shape throughout the neutralization process. From the
calculated p(r) it was obtained the average radii of gyration
(RgGNOM) around (170 ± 1) Å. The p(r) curves indicate that the par-
ticles have an oblate ellipsoidal shape. The obtained Dmax is around
550 Å. Kratky plot were useful to provide information about the
particle organization along the neutralization process. Fig. 9 shows
that the curves are quite similar and almost were overlapped, indi-
cating that at 3 h of neutralization the particles have lost their
structural organization.
TGA analysis
TGA results for ES-PANI and EB-PANI powders are shown in
Fig. 10. The thermogram of ES-PANI shows four steps of weight loss
behavior. The ﬁrst step indicated approximately 20% of weight loss
Fig. 3. SAXD curves for EB-PANI obtained after 3 and 48 h of neutralization.
Fig. 4. Full diffractogram of EB-PANI using SAXD/XRD data as a function of q.
Fig. 5. FTIR spectra of ES-PANI and EB-PANI.
Fig. 6. Le Bail method applied to EB-PANI and its respective main plans reﬂections.
Table 1
Le Bail Method applied to EB-PANI using Fullprof program: cell parameters, cell
volume, global average size and anisotropy, crystallite apparent size and agreement
factors.
Parameters EB-PANI 3 h of neutralization
a (Å) 5.7230
b (Å) 17.7233
c (Å) 19.2336
a () 85.2879
b () 84.6952
c () 87.7014
V (Å3) 1934.9 (2.2)
Global average size (anisotr.) (Å) 37 (3)
Crystallite apparent size100 (Å) 41
Crystallite apparent size010 (Å) 34
Crystallite apparent size001 (Å) 34
Rwp (%) 2.13
Rp (%) 1.58
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at temperatures up to 185 C. This step can be attributed to loss of
water molecules from polymer matrix. In the second step, there is
a small weight loss (3%), which takes place continuously from 185
to 241 C and may possibly be due to the co-evolution of water.
The third stage occurs in the range of 241–338 C, which was
assigned to the removal of HCl. The fourth step starts around
338 C indicating thermal degradation of the ES-PANI polymer.
Comparatively, the EB-PANI is more stable than the doped ES-
PANI powders. There were two major stages of weight loss for
EB-PANI powder sample. The ﬁrst weight loss (7.35%) at around
131 C, resulted from the evaporation of moisture. The second
weight loss (33%) at the higher temperature indicated chemical
structure degradation of the EB-PANI molecules from 131 to
695 C. The results are shown in Table 2. It was observed that the
degradation temperature of the EB-PANI powder is higher than
ES form. According to previous reports [31,42] chemically synthe-
sized EB-PANI exhibited lower weight loss. The violent degradation
observed for ES-PANI should be attributed to the oxidation by HCl,
the only source of oxidizing agent at elevated temperature in the
nitrogen atmosphere.
SEM analysis and conductivity measurements
Fig. 11 shows the SEM images of ES-PANI and EB-PANI
(obtained after 48 h of neutralization). It was observed that, after
the neutralization process, the chain morphology observed in ES-
PANI [6] no longer have the earlier deﬁnition, becoming smaller
and being not possible to accurately determine the thickness of
the structures observed. Thus, SEM images showed very small
nanoﬁbers morphology formed by interconnected non homoge-
neous nanospheres.
Fig. 7. Crystallites visualization in [100], [010] and [001] directions using the GFourier Program.
Fig. 8. Pair-distance Distribution Function (p(r)) for EB-PANI obtained at 3, 24 and
48 of neutralization.
Fig. 9. Kratky curves for EB-PANI.
Fig. 10. Thermograms of ES-PANI and EB-PANI powders.
Table 2
Temperature range and mass loss for ES and EB-PANI.
ES-PANI EB-PANI
Range temperature
(C)
Loss mass
(%)
Range temperature
(C)
Loss mass
(%)
Event 1 25–185 20.36 26–131 7.35
Event 2 185–241 2.96 131–695 33.01
Event 3 241–338 4.2 – –
Event 4 338–690 52.96 – –
Residual (%) = 9.51 Residual (%) = 59.63
736 E.A. Sanches et al. / Journal of Molecular Structure 1074 (2014) 732–737
The conductivity values obtained for EB-PANI remained around
1.32  107 S/cm along the neutralization process.
Conclusions
We successfully obtained EB-PANI through the neutralization
process of ES-PANI. It was observed no crystallinity variation of
EB-PANI with increasing neutralization times, suggesting that, for
0.5 M NaOH, the neutralization is very efﬁcient at 3 h and it is
not changed by increasing time neutralization. FTIR analysis
allowed identifying characteristic absorption bands in the struc-
ture of ES and EB-PANI. Le Bail Method allowed the determination
of useful structural information. It was possible to determine the
unit cell parameter values, observing a reduction of the ‘‘c’’ values,
suggesting the formation of phenyl-end-capped folded trimmeric
chains. Using SAXS technique, p(r) curves showed no changes in
its particle shapes during the neutralization process, indicating a
oblate ellipsoidal form. These data are in agreement with the
images obtained by SEM, which indicated a morphology consti-
tuted by very small nanoﬁbers formed by interconnected non
homogeneous nanospheres. It was observed by TGA analysis that
EB-PANI is more stable than the doped ES-PANI powders, showing
that the degradation process of ES-PANI should be attributed to the
oxidation by HCl. It was determined the conductivity values for EB-
PANI using the Van der Pauw method, which remained around
1.32  107 S/cm along the neutralization process. Thus, it was
reported here a detailed systematic observation of crystalline
phase in undoped form of polyaniline powder.
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